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Based on the Elastically Collective Nonlinear Langevin Equation (ECNLE) theory of bulk relax-
ation in glass-forming liquids, and our recent ideas of how interface-nucleated modification of caging
constraints are spatially transferred into the interior of a thick film, we present a force-based theory
for dynamical gradients in thick films with one vapor interface that includes collective elasticity ef-
fects. Quantitative applications to the foundational hard sphere fluid and polymer melts of diverse
fragilities are presented. We predict a roughly exponential spatial variation of the total activation
barrier which is non-perturbatively modified to ∼ 10 particle diameters into the film. This leads, to
leading order, to the prediction of a reduced alpha relaxation time gradient of a double exponential
form characterized by a nearly constant spatial decay length, in qualitative accord with simulations.
The relaxation acceleration at the surface grows exponentially with increasing packing fraction or
decreasing temperature. The rate of increase with cooling of the alpha time strongly weakens upon
approaching the vapor interface, with the top two layers remaining liquid-like down to ∼ 80− 85%
of the bulk glass transition temperature. These spatially heterogeneous changes of the temperature
variation of the alpha time result in a large and long range gradient of the local glass transition
temperature. An average interfacial layer thickness relevant to ensemble-averaged dielectric and
other experiments is also computed. It is predicted to be rather large at the bulk glass transition
temperature, decreasing roughly linearly with heating. Remarkably, to leading order the ratio of
this layer-averaged interfacial relaxation time to its bulk analog is, to leading order, invariant to
chemistry, volume fraction and temperature and of modest absolute magnitude. Spatially inhomo-
geneous power law decoupling of the alpha relaxation time from its bulk value is predicted, with an
effective exponent that decays to zero with distance from the free surface in a nearly exponential
manner, trends which are in qualitative accord with recent simulations. This behavior and the dou-
ble exponential alpha time gradient are related, and can be viewed as consequences of an effective
quasi-universal factorization of the total barrier in films into the product of its bulk temperature
dependent value times a function solely of location in the film.
I. INTRODUCTION
Activated dynamics, mechanical properties and vitrifi-
cation in thin films of glass-forming liquids is a problem
of great scientific interest [1–5], which is also important in
many materials applications [6–9]. Despite intense exper-
imental, simulation and theoretical efforts over the past
two decades [2, 5, 10–18], the key physical mechanisms
underlying the observed phenomena remain intensely de-
bated. This situation reflects the complexity of activated
structural relaxation in bulk liquids10 and the additional
large complications of geometric confinement, interfaces
and spatial inhomogeneity.
A quantitative force-level statistical mechanical ap-
proach for structural (alpha) relaxation in bulk colloidal,
molecular and polymer liquids, the Elastically Collective
Nonlinear Langevin Equation (ECNLE) theory [19–24],
has been recently developed and widely applied to real
∗Electronic address: anh.phanduc@phenikaa-uni.edu.vn
†Electronic address: kschweiz@illinois.edu
materials. Structural relaxation is described as a coupled
local-nonlocal activated process involving large ampli-
tude cage-scale hopping facilitated by a small amplitude
longer-range collective elastic deformation of the sur-
rounding liquid. Quantitative tractability for real world
liquids is achieved based on an a priori mapping of chem-
ical complexity to a thermodynamic-state-dependent ef-
fective hard sphere fluid [20, 23].
Very recently, we formulated a new theory for how
caging constraints in glass-forming liquids at a solid or
vapor surface of a thick film are modified and spatially
transferred into its interior in the context of the dynamic
free energy concept of NLE theory [25]. The caging com-
ponent of the dynamic free energy varies very nearly ex-
ponentially with distance from the interface, saturating
deep enough into the film with a correlation length of
modest size and weak sensitivity to thermodynamic state.
This imparts a roughly exponential spatial variation of
dynamical quantities such as the transient localization
length, jump distance, and cage barrier. The theory was
implemented for the hard sphere fluid and diverse inter-
faces: vapor, rough pinned particle solid, vibrating (soft-
ened) pinned particle solid, and smooth hard wall. The
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2crucial difference between these systems arises from the
first layer where dynamical caging constraints can be ei-
ther weakened, softened, or hardly changed depending on
the microscopic boundary conditions. Numerical calcula-
tions established the spatial dependence and fluid volume
fraction sensitivity of local dynamical property gradients
for five different model interfaces.
Free standing thin films with two vapor interfaces,
or semi-infinite thick films with one vapor surface, are
the simplest realizations of confined anisotropic sys-
tems. Extensive experimental [1–3, 25–34] and simula-
tion [2, 5, 14, 35–38] efforts mainly on polymer films sug-
gest a spatially inhomogeneous and very large speed up
of relaxation with mobile layers extending far from the
interface resulting in large film-averaged reductions of Tg.
Conceptual puzzles include how mobility changes nucle-
ated at a vapor interface ”propagate” into the film, the
physical origin of the simulation finding that the relax-
ation time gradient for free standing substrate films ap-
pears to have (to leading order) a ”double exponential”
form [13, 14, 37, 39–42], and the very recent simulation
finding by Simmons and co-workers of so-called ”decou-
pling” of the temperature and film location dependences
of the alpha time gradient characterized with an effective
scaling exponent function that varies exponentially with
distance from the interface [41].
The present article addresses the above open questions
and related issues by applying our new theory of spatial
mobility transfer in a thick film with one vapor inter-
face within the full ECNLE framework [25] that includes
the collective elasticity effects. We focus on representa-
tive polymer liquids, but the findings are broadly rele-
vant to molecular liquids and colloidal suspensions. The
basic theoretical ideas are reviewed in section II. Sec-
tions III-VI then quantitatively study the foundational
hard sphere fluid and specific polymers of diverse bulk
dynamic fragilities. Results are presented for the total
and collective elastic barrier spatial gradients, the alpha
time gradient and origin of its double exponential nature,
the amplitude and decay length of this dynamical gradi-
ent, spatial decoupling of the relaxation time and how
the effective exponent varies with location in the film,
a mean interfacial layer width and corresponding relax-
ation time, and the magnitude and functional form of
the Tg gradient. The article concludes with a summary
in section VII. The Appendix discusses technical details
of our comparison of theory and simulation.
II. BACKGROUND: ECNLE THEORY OF BULK
LIQUIDS AND FILMS
ECNLE theory in bulk liquids and under confined con-
ditions has been discussed in great depth in a series of
previous papers [19–24, 43–45]. Here we concisely recall
the key elements.
A. Bulk Liquids
ECNLE theory describes tagged particle activated re-
laxation as a mixed local-nonlocal hopping event [19–
24]. Figure 1 shows a schematic of the physical ele-
ments in the context of a liquid of spheres of diame-
ter, d, at a packing or volume fraction Φ. The foun-
dational dynamical quantity is the angularly-averaged
instantaneous displacement-dependent dynamic free en-
ergy, Fdyn(r) = Fideal(r) + Fcaging(r), where r is the
displacement of a particle from its initial position. The
localizing caging contribution Fcaging(r) is constructed
solely from knowledge of Φ and the pair correlation func-
tion g(r) or structure factor S(q), where q is the wavevec-
tor, computed here using Percus-Yevick (PY) integral
equation theory. It captures kinetic constraints on the
nearest neighbor cage scale defined from the location
of the first minimum of g(r) (rcage ≈ 1.5d). Key local
length and energy scales (see Figure 1) are the minimum
and maximum of the dynamic free energy (rL and rB),
corresponding harmonic curvatures (K0 and KB), jump
distance ∆r = rB−rL, and local cage barrier height, FB .
In the spirit of phenomenological elastic models [46,
47], large amplitude local hopping is argued to be
strongly and mechanistically coupled to a longer range
collective elastic adjustment of all particles outside the
cage needed to create the extra space to allow a hop [21].
The form of the radially-symmetric elastic displacement
field (Figure 1) is calculated for r > rcage based on a con-
tinuum mechanics analysis [46] with a microscopically-
determined amplitude set by the cage expansion length,
∆reff [19]:
u(r) = ∆reff
(rcage
r
)2
, ∆reff ≈ 3∆r
2
32rcage
, r > rcage (1)
where ∆r ≈ 0.2− 0.4d and grows with density and cool-
ing. The elastic barrier is computed microscopically by
summing over all harmonic particle displacements out-
side the cage region [19]:
Felastic = ρ(K0/2)
∫ ∞
rcage
dr4pir2u2(r)g(r)
= 12Φ
(rcage
d
)3
∆r2effK0 (2)
where r is relative to the cage center. The sum of the
coupled local and elastic collective barriers determine the
mean total barrier for the alpha relaxation process:
Ftotal = FB + Felastic (3)
The elastic barrier increases much more strongly with
increasing density or cooling than its cage analog, and
dominates the rate of alpha time growth for fragile liquids
as the laboratory Tg is approached [19–24].
A generic measure of the average structural relaxation
time follows from a Kramers calculation of the mean first
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FIG. 1: (Color online) (a) Schematic of the fundamental re-
laxation event for a bulk dense fluid of spheres (Kuhn seg-
ments for polymers) which involves large amplitude cage-scale
hopping and a spatially longer-range collective elastic har-
monic motion of particles outside the cage. Hopping trajec-
tories are described by the dynamic free energy as a function
of particle displacement, and the jump distance sets the am-
plitude of the elastic displacement field. Various key length
and energy scales are indicated. (b) Schematic illustration
of the layer-like model employed to describe the surface nu-
cleated change of caging constraints and how the dynamic
free-energy is modified near a vapor interface as a function of
the distance from it, z.
passage time for barrier crossing. For barriers in excess
of a few kBT one has [19, 20]:
τα
τs
= 1 +
2pi√
K0KB
kBT
d2
exp
(
FB + Felastic
kBT
)
(4)
The alpha time is expressed in units of a ”short
time/length scale” relaxation process as discussed else-
where [19–24]. Physically, it captures the alpha process
in the absence of strong caging defined by the parameter
regime where no barrier is predicted by NLE theory (e.g.,
Φ < 0.43 for hard spheres [45]).
B. Mapping for Molecular and Polymeric Liquids
The theory is rendered quantitatively predictive and
quasi-universal for molecular liquids via a mapping [19–
24] to an effective hard sphere fluid guided by the require-
ment it exactly reproduces the equilibrium dimensionless
density fluctuation amplitude (compressibility) of the ex-
perimental liquid of interest [48], S0(T ) = ρkBTκT . Us-
ing PY theory [48], the mapping is [20–24]:
SHS0 =
(1− Φeff )4
(1 + 2Φeff )
2 = S0,expt = ρskBTκT
≈ N−1s
(
−A∗ + B
∗
T
)−2
(5)
The final equality describes well experimental S0,expt(T )
data of molecular and polymeric liquids. This mapping
determines a material-specific, temperature-dependent
effective hard sphere packing fraction, Φeff (T ). Known
chemically-specific parameters enter [20–24]: A∗ and
B∗ (interaction site level entropic and cohesive energy
equation-of-state (EOS) parameters, respectively), the
number of elementary sites that define a rigid molecule,
Ns (e.g., Ns = 18 for orthoterphenyl, C18H18 (OTP)),
and hard sphere diameter, d. With this mapping, EC-
NLE theory can make mean alpha time predictions with
no adjustable parameters, and accurately captures relax-
ation time data over 12-14 decades for nonpolar organic
molecules [20, 21].
For polymers, the liquid is modeled as a fluid of
disconnected spheres of size determined by the Kuhn
length and its space filling volume [23]. Recently it was
argued a modest degree of nonuniversality associated
with how conformational isomerism and other chemical
complexities on the sub-Kuhn segment scale influence
the jump distance is important [24]. Specifically, one
material-specific number, λ, was introduced that scales
the jump distance as ∆r → λ∆r. This introduces a non-
universality of the relative importance of collective elas-
tic versus caging effects. Based on this elaboration, very
good agreement between theory and experiments for Tg,
fragility and the full temperature dependence of the al-
pha time of chemically diverse polymers were simultane-
ously obtained [24].
In this article, we carry out quantitative applications
to three representative polymers (the results are also rep-
resentative of nonpolar molecules such as OTP) with
known parameters of Ns(PS) = 38.4, dPS = 1.16 nm,
A∗(PS) = 0.618, B∗(PS) = 1297 K, λPS = 1 for
polystyrene (PS), Ns(PC) = 30.2, dPC = 1.04 nm,
A∗(PC) = 0.674, B∗(PC) = 1280 K, λPC =
√
2 for
polycarbonate (PC), and Ns(PIB) = 13.6, dPIB = 0.89
nm, A∗(PIB) = 0.627, B∗(PIB) = 1353 K, λPIB ≈ 0.47
for polyisobutylene (PIB) [24, 44]. As previously shown
[20, 44], the effective volume fraction increases linearly
(sub-linearly) with decreasing (increasing) temperature
(inverse temperature) (see Figure 2). The main frame
of Figure 2 shows predictions [24] of the segmental re-
laxation time for PS, PC and PIB in the classic Angell
representation.
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FIG. 2: (Color online) Main frame: Logarithm of the bulk
alpha time (in seconds) as a function of inverse temperature
normalized by the theoretical glass transition temperature for
PS, PIB and PC. The predicted Tg values for PS, PC and PIB
are 430, 420, and 215 K, respectively [44]. Inset: Effective
volume fraction versus temperature normalized by the bulk
glass transition temperature for the same 3 polymers.
C. Vapor Interface Thick Films
A new theory for how a single vapor interface of a thick
film modifies the spatial dependence of caging constraints
in the dynamic free energy was recently formulated [25].
Its basic predictions for local dynamical quantities were
worked out, but the consequences for the elastic barrier,
alpha time gradient and many other properties were not
analyzed. Here we briefly recall the new advance.
We focused solely on purely dynamical consequences
of an interface, and hence the density and pair correla-
tions in the film are taken to be spatially independent
and identical to those in the bulk. For a vapor interface,
relaxation is sped up at the surface due to reduction of
caging forces. For a tagged particle at the center of a
cage, the dynamic free energy in layer i is:
F
(1)
dyn(r) =
1
2
F bulkdyn (r) +
1
2
F
(i−1)
dyn (r), i ≥ 1 (6)
Per Figure 1b, the convention is i = 1 corresponds to the
first layer at z = 0. Equation 6 implies an equal contribu-
tion of caging forces due to particles below and above the
tagged particle. In a thick film, the upper half is taken
to be unaffected by the vapor interface, and the caging
component of the dynamic free energy is reduced in the
first layer due to missing nearest neighbors. Equation 6
then yields:
F
(i)
dyn(r) = Fideal(r) +
(
1− 1
2i
)
F bulkcaging(r) (7)
Importantly, the bulk form is recovered in an essentially
exponential manner [25] (since 2−i = e−(z/d) ln(2)) with a
decay length of roughly ∼ 1.4d.
A vapor-liquid interface also alters the elastic displace-
ment field generated by cage expansion [46]. We employ
our most recent treatment of this problem [44] based on
a displacement field of the same form as in the bulk but
modified by the molecular boundary condition of vanish-
ing amplitude at the surface:
u(r, θ, z) = As(θ, z)r +
Bs(θ, z)
r2
(8)
where As(θ, z) and Bs(θ, z) are chosen to enforce the
boundary condition u(r, θ, z = 0) = 0, and θ is defined in
Figure 1b. At the cage surface u(r, θ, z = rcage) = ∆reff ,
which depends on location in the film via the spatially in-
homogeneous dynamic free energy. After straightforward
calculation, we derived [44]:
As(θ, z) = −
∆reffr
2
cage cos
3 θ
z3 − r3cage cos3 θ
= − ∆reffr
2
cage
(z2 + s2)
3/2 − r3cage
Bs(θ, z) =
∆reff (z)r
2
cagez
3
z3 − r3cage cos3 θ
=
∆reff
(
z2 + s2
)3/2
(z2 + s2)
3/2 − r3cage
(9)
where the variable s is defined in Figure1b. The collective
elastic barrier then follows as an integral over the film
particles at fixed distance, z, from the surface where the
displacement field vanishes [44]:
Felastic =
3Φ
pid3
∫
Vfilm
d~ru2(r, θ, z)K0(r, z) (10)
The inset of Figure 3 shows the collective elastic barrier
gradient normalized by its bulk value for the hard sphere
fluid. Importantly, its functional form is almost indepen-
dent of packing fraction, as was demonstrated previously
to be true of the local cage barrier [25]. It is very strongly
reduced close to the vapor surface by roughly an order
of magnitude, and recovers (by eye) bulk behavior at
∼ 12− 14 particle diameters into the film. More quanti-
tatively (as shown), its form is reasonably well fit by an
exponential function with a decay length∼ 3.5d, as found
previously [25] for the local barrier, FB(z), albeit with a
decay length is larger than its cage analog of ∼ 1.6d. We
emphasize that although the elastic barrier is associated
with a long range collective elastic fluctuation, the ampli-
tude of the displacement field and energy scale are deter-
mined by the cage-scale dynamic free energy. Specifically,
Felastic(z) ∝ (∆r(z))4K0(z) ∝ (∆r(z))4 r−2L (z), where
the jump distance and localization length both vary to a
good approximation in an exponential manner [25] with
z. The exponential variation of the elastic barrier extends
to ∼ 10d from the surface, but beyond that the asympo-
totic approach to the bulk value varies inversely with z
due to the cutoff of the displacement field at the vapor
interface [44]. Very importantly, this power law cuttoff
effect is now a rather minor contribution to the spatial
variation of the elastic barrier, as opposed to prior stud-
ies [44, 49, 50] which did not take into the new mobility
transfer effects [25].
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FIG. 3: (Color online) Normalized (to the bulk value) to-
tal barrier as a function of distance from the vapor inter-
face for Φ = 0.55, 0.57, 0.59, 0.61 hard sphere fluids. Blue
diamonds are calculations without mobility transfer effects
(indicated as no mobility transfer in legend) at Φ = 0.59,
and the curve through them is a guide to the eye. The
dashed-dotted and dotted curves correspond to exponential
fits, which for Φ = 0.55 and 0.61 are 1 − 0.968e−z/1.958d
(red) and 1 − 0.904e−z/2.644d (green), respectively. Inset:
normalized collective elastic barrier as a function of z at
the same packing fractions as in the main frame. For Φ =
0.55, Felastic(z)/F
bulk
elastic is fit by the dash-dot curve given by
1− e−z/3.516d.
The main frame of Figure 3 shows the analogous re-
sults for the total dynamic barrier in the film normalized
by its bulk liquid analog. This is the most fundamental
and foundational result of this article. By eye, bulk be-
havior is recovered at ∼ 10 particle diameters into the
film. Although the local and collective elastic barriers
both vary nearly exponentially in space, they have dif-
ferent decay lengths. But, interestingly, Figure 3 shows
that the theory predicts to a good approximation that the
total barrier varies exponentially in space with an appar-
ent decay length in between that of the cage and elastic
barriers. Specifically, the latter is ∼ 2(2.6)d for the lower
(higher) packing fractions. Hence, the total barrier ratio,
Ftotal(z,Φ)/F
bulk
total(Φ), has a similar z-dependence for all
packing fractions, which is a crucial result of the present
work. Also shown for one packing fraction is the anal-
ogous result if there is no mobility transfer effects [44].
The barrier gradient is much shorter range and of a very
different functional form.
The above results are critical for all of our numeri-
cal results given below. When analyzing and physically
interpreting these calculations, an ”ideal factorization”
scenario is considered motivated by our results discussed
above that found to a good approximation:
Ftotal(z,Φ)/F
bulk
total(Φ) = f(z) (11)
where f(z) is, to leading order (Figure 3), an exponential
function independent of thermodynamic state.
We now have all the information required to predict
the most fundamental quantity - the alpha relaxation
time spatial gradient. Below it is analyzed first for the
foundational hard sphere fluid, and then for polymer liq-
uids. Questions of interest include the functional form
of the gradient, its amplitude at the surface and spatial
range as a function of temperature, density and chem-
istry, other characteristic length scales relevant to simu-
lation and experimental studies, the spatial dependence
of the temperature variation of the alpha time (dynamic
fragility), gradients of the local glass transition temper-
ature, and inhomogeneous decoupling of film and bulk
alpha relaxation times.
III. ALPHA RELAXATION TIME GRADIENTS,
AMPLITUDES, AND LENGTHS SCALES
We first present numerical results for the alpha relax-
ation time spatial gradient which we view as the most
fundamental physical quantity for understanding glassy
dynamics near interfaces or in films. For nearly two
decades it has been empirically analyzed in simulation
studies based on the 2-parameter double exponential
form [13, 14, 37, 39–42]
ln
(
τα,bulk
τ(z)
)
= A(Φ) exp
(
− z
ξ(Φ)
)
(12)
where the amplitude, A(Φ), at the surface and the pen-
etration or decay length, ξ(Φ), are defined. The former
is essentially the ratio of the dynamic barrier in the bulk
to that at the surface (z = 0). Importantly, prior sim-
ulations for vapor interfaces [13, 14, 37, 41] have found
that A grows strongly with cooling or increasing den-
sity, while the decay length is of modest size and weakly
temperature-dependent.
A. Functional Form of the Alpha Time Spatial
Gradient
Figure 4a presents in a log-linear format calculations of
the inverse alpha time normalized by its bulk analog as a
function of distance from the vapor interface for the hard
sphere fluid. Exponential fits are shown, which one can
see are quite good for Φ ≥ 0.57. To the best of our knowl-
edge, this provides the first potential theoretical basis for
the so-called ”double exponential” form of the normalized
alpha time gradient. The amplitude factor quantifies a
dramatic speed up of relaxation at the vapor surface that
grows from a factor of ∼ 7 to over 10 decades as packing
fraction increases. The bulk alpha time is recovered at a
rather large distance from the surface which grows with
packing fraction. The latter trend follows from the fact
that although the normalized barrier gradient decays to
unity at a nearly universal reduced distance from the sur-
face, its absolute value does not. The detailed behavior
6of the two gradient parameters are discussed in the next
section. The inset of Figure 4a shows an even more dis-
criminating double logarithmic plot of the same results.
The double exponential form is not exact, with the ex-
pected deviations at very small and large distances from
the interface, but it is a good description on intermediate
length scales. Moreover, this form has the major practi-
cal advantage that it allows a continuous function to be
discussed in terms of only 2 quantities of clear physical
meaning: an surface amplitude factor and a decay length.
Figure 4b shows a double logarithmic representation of
the results of four different simulation studies - two based
on atomistic [37] or lightly coarse grained models [51] of
polystyrene melts, one based on a more heavily coarse-
grained bead-spring polymer model [52], and one for an
attractive bead-spring polymer model [41]; see Appendix
A for a more detailed description of the models. Recall
simulations typically measure relaxation times only over
3-5 decades, which we estimate correspond to effective
packing fractions in the range ∼ 0.55− 0.58. Despite the
differences in simulation models, they all show basically
the same double exponential form. Moreover, the curves
are largely parallel for different temperatures indicating
a very modest growth of the length scale in eq 12 with
cooling, as also found in simulations of atomic models
[39, 40, 42]. The reduction of the alpha time at the sur-
face in Figure 4b grows strongly with cooling by a factor
that varies from ∼ 6 to ∼ 1640. Overall, these trends are
consistent with the theory. At large distances from the
interface, whether the noisy simulation data bends down
or up in Figure 4b is unclear and perhaps model specific.
However, the theory predicts the double logarithm rep-
resentation of the inversely normalized relaxation times
is roughly linear in the range 2d < z ≤ 8d, in qualitative
accord with simulations [37, 39–42, 51, 52] to within their
inevitable variability and uncertainties. Appendix A dis-
cusses quantitative issues that arise in our comparison of
theory with simulation.
We note that although our earlier version of EC-
NLE theory for free standing films without the mobility
transfer effect [44] provided reasonable results for film-
averaged properties, a double exponential alpha time gra-
dient was not predicted. This clearly demonstrates that
the mobility transfer physics is crucial for determining
the shape and double-exponential form of the relaxation
time gradient. This represents a third important physi-
cal process in ECNLE theory that coexists with the loss
of neighbors very near the surface, and the cutoff of the
collective elasticity displacement field at the vapor in-
terface, which were analyzed in earlier theoretical work
[44, 49, 50].
Figure 5 shows numerical results for polycarbon-
ate (PC) and polyisobutylene (PIB) in the double-
logarithmic vertical axis format over a wide range of tem-
peratures in units of the bulk Tg. The differences between
PC and PIB reflect their very different bulk dynamic
fragilities of m ∼ 140 and 46, respectively [24, 43, 44],
and thus within ECNLE theory the relative importance
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FIG. 4: (Color online) (a) Natural logarithm of the inverse
alpha time normalized by its bulk value at a distance z from
the vapor surface. The dash-dot curves are exponential fits
of the theoretical data points. For context, we note that
for PS the volume fractions Φ = 0.55, 0.57, 0.59, 0.61 corre-
spond to T/T bulkg = 1.32, 1.21, 1.11, 1.01, respectively. Inset:
Same results as main frame but plotted in a double natu-
ral logarithm format. Fits to the intermediate range of data
using eq 12 yield length scales, ξ, of 2.3d, 2.45d, 2.55d, 2.7d
for Φ = 0.55, 0.57, 0.59, 0.61, respectively. (b) Double nat-
ural logarithm of the inversely normalized alpha relaxation
for the 4 simulation studies discussed in the text. State
points for some simulations are indicated by the correspond-
ing dimensionless bulk relaxation time. Simulation data for
an atomistic PS model [37] (ξ = 1.99d), coarse grained PS
model [51] (ξ = 2.14d), LJ coarse grained polymer model
[52] (ξ = 3.51d and 4.03d for 103 and 104 ps, respectively),
and LJ bead-spring polymer model [41] for free-standing films
(ξ = 2.045d, 2.43d, 2.73d and 3.065d for 102, 103, 10+4, and
105 ps, respectively).
of the collective elastic versus local cage barrier. For low
fragility PIB, the elastic barrier is far less important than
the local cage barrier FB [24, 43]. The major trends in
Figure 5 are the larger absolute enhancement, and more
temperature sensitivity, of the alpha time at the vapor
surface at fixed T/Tg for a higher fragility system. Very
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FIG. 5: (Color online) Double natural logarithm plot of the
normalized inverse alpha relaxation time as a function of dis-
tance from the vapor surface over a wide range of reduced
temperatures for (a) PC (ξ increases from 3.1d to 3.8d with
cooling) and (b) PIB polymer films (ξ decreases from 2d to
1.7d with cooling). The dash-dot lines through the theoretical
data points indicate a double exponential variation.
good double exponential behavior for both systems ex-
tends to ∼ 8d (d ∼ nm is the Kuhn segment diameter
[23]) from the surface, and the decay lengths are all simi-
lar and vary very weakly with temperature. The bending
up of the curves at large distances from the surface re-
flects the asymptotic approach to bulk behavior which is
influenced by the cutoff of the elastic barrier at the vapor
surface [44].
B. Amplitude and Length Scales of Alpha Time
Gradient
The double exponential like behavior in Figures 4b and
5 can be quantitatively analyzed in two ways: fit our
numerical calculations near interface (z ≤ 8d) using eq
12 (per the main frame of Figure 4a) or fit to the double
logarithmic form (per the inset of Figure 4a):
ln
(
ln
(
τα,bulk
τα(z)
))
= lnA(Φ)− z
ξ(Φ)
(13)
Since the theoretical (and also simulation) results are not
of a perfect double exponential form, the extracted am-
plitude and length scale depend to some extent on precise
fitting procedure.
For the hard sphere fluid, we find (not plotted) that
the decay length varies by less than 10% over the wide
range of packing fractions studied. This variation is likely
not significant given the double exponential form of the
alpha time gradient is not exact, and hence modest am-
biguity in the extracted value of the decay length is un-
avoidable. This viewpoint is buttressed by the fact we
find the extracted ξ(Φ) weakly grows (decreases) from
∼ (2.3−2.6)d ((3.2−2.8)d) with increasing packing frac-
tion of 0.55-0.62 based on the single (double) logarithmic
fitting representation; overall, we deduce ξ ∼ 3d.
Figure 6 presents, in three different formats, hard
sphere fluid results for the amplitude which is essentially
the difference between the total barrier in the bulk and
at the vapor surface. Interestingly, the upper inset shows
this amplitude grows roughly exponentially with packing
fraction, A(Φ) = e−20.9e39.54Φ. Since NLE theory for
the (transient) dynamic localization length in the bulk
varies exponentially as [53] rL,bulk/d = 30e
−12.5Φ, a pos-
sible connection between A and the dynamic localization
length is empirically suggested. This motivates the main
frame plot in Figure 6 of A versus the difference in the in-
verse dynamic localization length squared at the interface
and in the bulk. We find a rough linear correlation, which
is qualitatively in the spirit of phenomenological elastic
models that posit the total barrier varies inversely with
the square of the localization length [19, 47]. We are not
advocating this connection is of fundamental importance.
Rather, most significantly is the lower left inset of Figure
6 which shows that A varies logarithmically with the bulk
alpha time to a good approximation over 15 decades:
A = a+ b log
(
τalpha,bulk
τ0
)
(14)
where a and b are numerical constants. This result con-
nects the surface-nucleated mobility enhancement ampli-
tude with the bulk alpha time, a nontrivial link between
bulk and interfacial dynamics. In section VI that ad-
dresses spatially inhomogeneous decoupling, the physical
origin of eq 14 is discussed in detail. Briefly, we note
that if the barrier factorization property of eq 11 applies,
then eq 14 follows as: A = log (τα,bulk/τα(z = 0)) ∝
βF bulktotal − βFtotal(z = 0) ∝ βF bulktotal (1− f(z = 0)) ∝
log (τα,bulk/τ0) .
Figure 7 presents the analogous results of the double
exponential analysis of the alpha time gradient for the
polymer liquids. The amplitude A is quite insensitive to
fitting procedure, and grows in a strongly nonlinear man-
ner with inverse temperature for the fragile PC and PS
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FIG. 6: (Color online) Mainframe: Amplitude of the double
exponential relaxation time gradient of eq 12 as a function
of the difference in the inverse square of the dimensionless
bulk and surface localization lengths. Upper inset: natural
logarithm of the amplitude versus packing fraction. Lower
inset: Log-log (base 10) plot of the amplitude versus bulk
alpha time.
systems, but in a nearly linear manner for low fragility
PIB. In contrast, the decay length scale depends more
on fitting procedure. However, for fixed chemistry, its
overall variation with temperature is perturbative, with
a material-specific magnitude that grows with fragility,
varying from ∼ 1.8d for PIB to ∼ (2.6 − 3.6)d for PC.
If one restores absolute units based on the mapped value
of ”d” (known Kuhn segment diameters [23, 24, 43, 44]),
these numbers are rather strongly nonuniversal, corre-
sponding to ∼ 1.6 nm for PIB, ∼ 3 nm for PS, ∼ 4 − 5
nm for PC
Overall, the theory predicts little temperature or den-
sity variation of the decay length. Simulations in the
lightly supercooled regime [13, 39, 40, 42] usually find a
modest growth with cooling, to varying model-dependent
degrees. For example, the ZM [37] and H [51] poly-
mer simulations found ξ grows by a factor of less than
2 over the range studied, reaching ξ ≈ 2d at the lowest
temperature. The RR simulations [52] based on a dif-
ferent model and fitting procedure to extract a length
scale found ξ ≈ 4.3d. Most significantly, Simmons et
al [41] have recently shown, for the first time, such a
length (∼ 3 − 5 in their units) saturates with cooling
in thick free-standing films. This new work agrees with
prior simulations performed over a more limited range
of time scales where the length scale does grow weakly.
But, very importantly, ref [41] goes to significantly longer
time scales than prior work thereby revealing the satu-
ration behavior and seemingly establishing the limiting
low temperature behavior of the penetration length scale
in films with a vapor interface.
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FIG. 7: (Color online) Amplitude (main frame) and decay
length (inset) parameters in eq 12 as a function of T bulkg /T ex-
tracted based on fitting the theory numerical data in the for-
mat ln (τα,bulk/τα(z)) (solid curves) and ln (ln (τα,bulk/τα(z)))
(dash-dot curves), respectively.
IV. ALTERNATIVE GROWING LENGTH
SCALES AND INTERFACIAL
LAYER-AVERAGED TIME SCALE
Given present experimental limitations render high res-
olution extraction of the alpha time gradient apparently
impossible, a direct experimental test of our predicted
double exponential form and the associated variations
of amplitude and length scale does not seem possible.
Hence, it is important to ask what are the distinctive
consequences of this form of the spatial gradient for ob-
servable properties that average over it in various ways.
This is focus of sub-sections IVB and IVC below. But
we first consider the question of a characteristic practi-
cal length scale of the alpha time gradient which can be
easily deduced from computer simulations.
A. Perturbed Layer Size via Bulk Relaxation Time
Recovery Criterion
Given there are spatial gradients of all quantities in a
film, as a matter of principle no unique dynamical length
scale can be defined. Based on the double exponential
form of the alpha time gradient, in our theory the char-
acteristic length scale, ξ, is only very weakly temperature
or density dependent. This reflects the basic theoretical
ideas as formulated at the dynamic free energy level [25].
However, the caging component of the dynamic free en-
ergy is, of course, not directly measureable, but rather
only its dynamical consequences. Even at the level of
the alpha time gradient, one can define a dynamic length
scale in different ways. A common one is to define a
”perturbed layer thickness”, ζ, based on a recovery of
bulk relaxation time criterion τα(z = ζ)/τalpha,bulk = C
9[25, 35, 37, 49]. This length scale should not be confused
with a mobile layer thickness defined as the spatial region
near a surface that remains liquid-like. The latter length
grows with heating, in contrast with ζ which grows with
cooling.
Representative results for ζ are shown in Figure 8 for
PS and C = 0.5, with and without the new mobility
transfer physics. Comparison with the simulations of
Simmons and coworkers [41] are also shown, and seem to
agree well with the theory in the limited range probed.
For low temperatures or long relaxation times, the large
length scales predicted reflect the presence of the subtle
long range tail of the mobility gradient due to the cutoff
at the surface of the collective elastic field contribution to
the total barrier [25, 44, 49, 50]. The more local mobility
transfer effects strongly enhance the length scale at high
temperatures, but the overall shape of this mobile layer
variation is largely unchanged from prior work.
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FIG. 8: (Color online) Dimensionless perturbed layer thick-
ness computed based on the criterion τα(z = ζ)/τα,bulk = 0.5
as a function of log10 τα,bulk for PS melt with and without
mobility transfer effects. Also shown are simulation results41
extracted using our C = 0.5 criterion.
B. Practical Interfacial Layer Thickness
The perturbed layer length discussed in the previous
section is generally not directly measurable in experi-
ment. We thus explore an alternative ”mean interfacial
length”, Lint, motivated by recent dielectric spectroscopy
measurements that extract it [54, 55]. We use the crite-
rion τα(z = Lint)/τα,bulk = C to define this length scale,
but consider the practical experimental sensitivity situa-
tion where the long range, but very low amplitude, tail
of the mobility gradient due to elastic field cutoff effect
is not probed. To allow analytic insights that incur little
quantitative error, we adopt C = 1/e and use eq 13 with
z = Lint which defines an interfacial length as:
Lint = ξ(Φ) lnA(Φ) (15)
Since ξ(Φ) is weakly temperature or packing fraction de-
pendent, we set ξ(Φ) ≈ 3d. We emphasize that the be-
havior of Lint is directly related to the double exponential
form of the alpha time gradient.
Calculations of the temperature dependence of Lint
for PS, PIB and PC are shown in Figure 9. Note
that Lint(T ) grows significantly with cooling, and in a
roughly linear manner for PS and PIB. Interestingly,
the same qualitative behavior has been experimentally
observed [54, 55] for polymers near solid surfaces us-
ing dielectric loss spectroscopy. We suggest these pre-
dictions can be tested experimentally for a vapor inter-
face system using dielectric spectroscopy or other meth-
ods (perhaps per ref [26]). The origin of the theoret-
ical behavior is the strong temperature dependence of
the amplitude, A, of the normalized alpha time gradient,
not the intrinsic length scale. Its roughly linear tem-
perature variation appears to be understandable as fol-
lows. From our previous work [43], the mapping from
thermal liquids to hard spheres corresponds to the con-
nection T (Φ) = Treff − (Φ − 0.5)/αT , where Treff de-
pends on the material and αT is the liquid thermal ex-
pansion coefficient. Given this, and our finding above
concerning A, one can write A(Φ) = e−20.9e39.54Φ =
e−20.9e39.54[(Treff−T )αT+0.5] = e−1.13e39.54(Treff−T )αT ,
or lnA(Φ) = −1.13 + 39.54αT (Treff − T ). This result
plus eq 15 qualitatively explains the origin of the near
linear growth of Lint(T ) with temperature found numer-
ically.
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FIG. 9: (Color online) The reduced interfacial layer thick-
ness, Lint(T ), of PS, PC, and PIB thick films in units of the
Kuhn segment diameter as a function of T/T bulkg . The curves
through the discrete theoretical data points are a guide-to-
the-eye.
C. Practical Layer-Averaged Time Scale
Experiments usually only measure ensemble-averaged
correlations functions in the time or frequency domain
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and thus perform a spatial average over the relaxation
time spatial gradient. We analytically consider this prob-
lem based on a generic model [49, 50] that we believe
is relevant to measurements such as dye-reorientation-
induced decay of the fluorescence intensity [26] and di-
electric spectroscopy. Here we analyze the problem in
the frequency domain.
We suppose the relevant time correlation function,
C(t), is a simple arithmetic average over the exponen-
tial relaxation contributions of molecules or segments in
the gradient region of width defined by the practical in-
terfacial layer size discussed above:
C(t) =
1
Lint
∫ Lint
0
dz
〈
e−t/τalpha(z)
〉
(16)
To make contact with frequency domain measurements
such as dielectric spectroscopy, we calculate the corre-
sponding loss function:
C ′′(ω) =
1
Lint
∫ Lint
0
dz
ωτα(z)
1 + (ωτα(z))
2 (17)
Non-dimensionalizing frequency and relaxation time as
Ω = ωτα,bulk and B(z) =
τα(z)
τα,bulk
= e−A(Φ)e
−z/ξ(Φ)
=
ee
−Lint/ξe−z/ξ , respectively, one can write:
C ′′(ω) = C ′′(Ω) =
1
Lint
∫ Lint
0
dz
ΩB(z)
1 + (ΩB(z))
2 (18)
We then define the layer-averaged interfacial relaxation
time as the inverse of the maximum frequency of the loss
function, 〈τint = 1/ωmax〉 , which is determined by the
equation:
∂C ′′(Ω)
∂Ω
|Ωmax =
1
Lint
∫ Lint
0
dzB(z)
× 1− (ΩmaxB(z))
2[
1 + (ΩmaxB(z))
2
]2 = 0 (19)
Changing integration variables to u = B(z), one obtains
a closed nonlinear equation for Ωmax = ωmaxτα,bulk =
τα,bulk/ 〈τint〉:
0 =
ξ
Lint
∫ e−eLint/ξ
1/e
du
lnu
1− (Ωmaxu)2[
1 + (Ωmaxu)
2
]2
≈
∫ 0
1/e
du
lnu
1− (Ωmaxu)2[
1 + (Ωmaxu)
2
]2 (20)
The second form follows since Lint/ξ(Φ) = lnA(Φ). For
Φ ∼ 0.58− 0.62, lnA(Φ) increases from ∼ 2.2 to 3.6, im-
plying e−e
Lint/ξ(Φ) ≈ 0 to a good approximation. Equa-
tion 20 corresponds to a universal formula for the layer-
averaged alpha time in the deeply supercooled regime.
Solving it numerically yields:
〈τint〉
τα,bulk
≈ 0.12 (21)
The above analysis leads to the striking prediction
that, to leading order, the layer-averaged relaxation time
is only modestly reduced by a factor of ∼ 8 relative to its
bulk value, and in a system and temperature or density
independent manner, despite the presence of enormous
and chemically-specific local relaxation time gradients
close to the surface. Such behavior might seem counter-
intuitive. It is partially a consequence of the ensemble av-
eraging in the time [56] or frequency domain being gener-
ically weighted towards the slower relaxing regions of the
film. But, even more crucially, our above mathematical
analysis shows this result is intimately connected with the
double exponential form of the alpha time gradient. Our
result also serves as warning - observing a nearly tem-
perature invariant and modest average enhancement of
the interfacial relaxation time relative to its bulk analog
does not imply there are no massive changes of the alpha
time near an interface. Recent experiments by Sokolov
et al [54, 55] on nanocomposites where glass-forming liq-
uids are in contact with large spherical particles appear
consistent with our analysis in that the ratio of the inter-
facial alpha time to its bulk analog is found to be nearly
temperature-independent and only modestly larger than
unity. Even though we have not analyzed the problem of
glass-forming liquids near a solid interface in the present
article, the striking result of Eq 21 largely transcends
the precise nature of the interface and follows from the
double exponential form of the alpha time gradient. In
a future article, we will explicitly show that our theory
does indeed predict a double exponential relaxation time
gradient for thick films with one solid (rough or smooth)
surface.
V. SPATIAL VARIATION OF THE ALPHA
TIME TEMPERATURE DEPENDENCE AND
LOCAL Tg GRADIENTS
An interesting fundamental question is how the tem-
perature dependence of the alpha relaxation time varies
with distance z from the vapor interface. Figure 10 shows
representative calculations that address this for PS. The
rate of increase of the relaxation time with cooling is very
strongly suppressed near the interface, corresponding to
a reduction of dynamic fragility upon moving towards the
vapor surface if fragility is evaluated at the bulk Tg. If
a z-dependent fragility is determined based on Tg(z) and
not the bulk Tg, then far less change relative to its bulk
value is expected. Bulk-like temperature dependence be-
havior is recovered at roughly ∼ 12 nm from the surface
for PS.
Motivated by critical issues in the formation of vapor-
deposited ultrastable glasses [57], Figure 11 presents the
alpha time calculations of Figure 10 in the top 3 layers
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extended to temperatures far below the bulk Tg, assum-
ing the system remains in equilibrium for those value
of z. We find that these layers remain liquid down to
∼ 0.79 and 0.84 of the bulk glass transition temperature
for the top and second layer, respectively. The essential
physics is that the onset of strong caging, high barriers
and activated motion is shifted to much lower tempera-
tures due to the combined consequences of three effects:
(i) loss of neighbors at the vapor interface which at a
fixed temperature massively weakens the localized form
of the dynamic free energy relative to bulk behavior, (ii)
cutoff of the elastic barrier is maximized very close to
the vapor interface, and (iii) the longer range mobility
transfer effect further reduces the local cage and elastic
barriers, with the latter occurring since reduction of the
jump distance and elastic modulus softening penetrates
deeper into the film. But, at sufficiently low temperature
(well below the bulk Tg), the dynamic caging constraints
inevitably become strong if the system is equilibrated,
consistent with studies of ultra-stable glass formation
[57]. Thus, strongly temperature-dependent high bar-
riers must eventually emerge, implying relaxation near
the surface becomes strongly non-Arrhenius.
The dashed horizontal lines in Figure 11 indicate time
scales typical of the deposition rate employed in the va-
por deposition of ultrastable films [57]. Our prediction
that the top two layers remain equilibrated (defined as an
alpha time less than 100 s) on the typical deposition time
scale seems consistent with the experimental observation
[57] that the maximum densification of ultrastable films is
achieved when the substrate temperature is of order 80%
of the bulk Tg. We do caution that, beyond the obvious
fact the theory is approximate, our results should likely
not be over-interpreted quantitatively given our adop-
tion of a simple molecular model, a sharp vapor-liquid
interface model, and other simplifications. The results in
Figure 11 are also relevant for the massively accelerated
surface diffusion phenomenon seen experimentally [57],
but this topic is beyond the scope of the present article.
Based on calculations like those in Figures 10 and 11,
one can compute a z-dependent glass transition tempera-
ture. Figure 12 presents results for the normalized Tg gra-
dient, and also that of the prior ECNLE theory without
the mobility transfer physics [44]. Calculations are shown
for the common experimental vitrification criterion of an
alpha time of 100 s, and also, to connect with simula-
tions, the corresponding predictions based on a short
100 nsec criterion. Results with and without the new
surface-mediated mobility transfer effect are also shown.
We note that experimental methods do presently exist
and are being further developed [2, 5, 33] to extract the
glass transition temperature gradient.
There are several notable features in Figure 12. (i) Re-
gardless of which version of ECNLE theory is adopted,
the normalized Tg(z)/T
bulk
g gradient is only modestly
sensitive to the vitrification time scale criterion. The
physical reason is discussed below. (ii) As expected, the
addition of the longer range mobility transfer physics ren-
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FIG. 10: (Color online) Angell-like plot of the alpha time
(in seconds) at various indicated distances z from the vapor
surface of a PS lm. The effective hard sphere (Kuhn segment)
diameter for PS is d ∼ 1.16 nm.
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FIG. 11: (Color online) Extension of the calculations of Figure
10 to far below the bulk glass transition temperature for the
alpha relaxation time in the top 3 layers of the film. The
horizontal blue dashed lines indicate time scales relevant to
typical deposition times in the fabrication of ultra-stable films
[57].
ders the gradient much more slowly decaying in space,
with Tg reductions extending ∼ 12 nm (∼ 10d) into
the bulk. It also qualitatively changes visually the
”2-regime” shape predicted by the prior ECNLE the-
ory [44, 49, 50], with the spatial variation now much
smoother. (iii) Theory and the PS atomistic simulations
of Zhou and Milner [37] agree well with the theory for
the large Tg suppression very close to the surface, al-
though bulk behavior is recovered on a shorter length
scale (∼ 5 nm) in simulation than predicted. Whether
the latter reflects differences in the models analyzed, time
scales accessible (nsec vs 100 s), and/or errors incurred
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by the model simplifications and theoretical approxima-
tions, requires further study. (iv) Empirically, we find
our calculations are well fit by:
Tg(z)
T bulkg
= 1− 0.859
z/d+ 56.56
− 0.0222
(z/d+ 0.7026)
2
− 0.28035e−0.5088z/d (22)
 

(z) = 10-7 s
 

(z) = 100 s
 Ref. [37]
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FIG. 12: (Color online) Local Tg in a PS film divided by its
bulk value as a function of distance from the vapor interface
as computed based on the indicated two different vitrifica-
tion criteria. Also shown (orange triangles) are simulation
data [37] based on a vitrification time scale criterion of 100
ns. The solid and dashed-dotted curves correspond to theory
calculations with and without mobility transfer, respectively.
The empirical fit function for the theoretical normalized Tg
gradient is given by eq 22. Inset: normalized Tg gradients
calculated with mobility transfer effects (red and blue points
and curves per the mainframe) and the analytical expression
of eq 29 and 30 (green points and curve) with the indicated
value of Θ and f(z) = 1− 0.904e−z/2.644d as discussed in the
caption of Figure 3 for Φ = 0.61.
Analytic insight can be obtained concerning the func-
tional form and physical origin of the normalized Tg gra-
dient, and how it depends on the vitrification time scale
criterion. The analysis below applies, to leading order, to
any interface. A caveat is that it is not ”exact” within
ECNLE theory, but is reliable based on our numerical
studies. First recall we numerically found that the the-
ory predicts the total barrier in films factorizes to a good
approximation into a product of its bulk liquid value mul-
tiplied by a temperature and chemistry independent func-
tion of location in the film:
F filmtotal (T, z) ≈ f(z)F bulktotal(T ) (23)
where f(z) → 1 on a scale o f ∼ 3d in an exponential
manner (Figure 3). Recall this quasi-universal factoriza-
tion property and the near exponential variation of f(z)
is what underlies our prediction of both a double expo-
nential form of the alpha time gradient and the decou-
pling effect discussed in the next section. Now, the glass
transition at a location z from the surface or in the bulk
can be defined by a variable time scale criterion set by a
number ”y” as
τα,film (Tg(z)) = 10
ys = τα,bulk (Tg,bulk) (24)
To leading order, this criterion is equivalent to a
constraint on the total barrier, F filmtotal (Tg(z)) =
F bulktotal (Tg,bulk) = b , which implies:
F bulktotal (Tg,bulk)
F filmtotal (Tg(z))
= f(z) (25)
where b is in units of the thermal energy and can be as
low as ∼ 10 in simulations and ∼ 32 for experiments
corresponding to ∼ 4 − 5 or 14 decades variation of the
relaxation time, respectively.
The factorization property of eq 25 implies one only
needs to know the temperature dependence of the total
dynamic barrier in the bulk liquid, which has been ad-
dressed in prior ECNLE theory work [19, 20]. For fragile
liquids and alpha times spanning the enormous range of
∼ 1 ns to 100 s, the so-called ”parabolic law” [58, 59] em-
pirically captures the numerical predictions of ECNLE
theory [20, 21] for the alpha time:
log
(
τα(T )
τ0
)
=
(
J
kBT0
)2(
1− T0
T
)2
, T ≤ T0 (26)
where J and T0 are a system-specific energy and onset
or crossover temperature, respectively. An explicit for-
mula for the short time scale, τ0, can be written down
[19–21], and is a very weak function of temperature. For
our present approximate analytic analysis purposes, τ0
is not needed. Importantly, eq 26 (with the assumption
of a constant τ0) has also been shown to fit well large
quantities of experimental data of diverse glass-forming
liquids in the deeply supercooled regime [58, 59]. Hence,
the form of eq 26 applies in a practical sense independent
of ECNLE theory. We then define an effective total bar-
rier as ln
(
τα(T )
τ0
)
≈ βFtotal(T ). Then, using eqs 25 and
26, and recalling that we showed the total normalized
barrier is to zeroth order equal to f(z), one obtains:
f(z) =
[
1− T0Tg,bulk
1− T0Tg(z)
]2
(27)
The energy scale J cancels out. Defining a normalized
Tg gradient variable, Y = Tg(z)/Tg,bulk, yields:
f(z) =
[
1−Θ
1− ΘY (z)
]2
, Θ− T0
Tg,bulk
> 1 (28)
from which an analytic relation that connects the normal-
ized Tg-gradient and z-dependence of the total barrier is
obtained:
Y (z) =
Θ
1 + Θ−1√
f(z)
(29)
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Obviously, if f(z)→ 1 (as it must at large z), then Y →
1.
Equation 29 is an almost universal relation except for
the ratio, Θ, of the onset to glass transition tempera-
tures. It can depend on chemistry (increases as fragility
decreases), pressure, and the vitrification time scale cri-
terion [24, 43]. But we recall that ECNLE theory predicts
Tg,bulk varies roughly logarithmically with time scale cri-
terion [43], so Θ is expected to be weakly dependent on
vitrification criterion (consistent with normalized Tg gra-
dients being weakly dependent on vitrification criterion).
The inset of Figure 12 shows that eq 29 rather accurately
describes our numerical results based on a sensible value
[20, 57] of Θ, thereby providing the sought after analytic
insight concerning the functional form and physical origin
of the Tg gradient. The accuracy of eq 29 in reproducing
our full numerical results also further supports the key
result of eq 25.
The above analysis appears to explain, at zeroth order,
why we numerically predict that the time scale criterion
has a very minor effect on the normalized Tg gradient.
More generally, we suggest it explains the often rather
good and very surprising agreement between simulations
based on a short vitrification time scale criteria (e.g.,
∼ 1 ns - 100 ns) and experimental measurements based
on the 100 sec criterion for the normalized Tg gradient.
Finally, and very important for experimental tests of our
ideas, we have shown there is a direct link between the
functional form of the glass transition gradient and the
theoretical concepts of total barrier factorization, double
exponential form of the alpha relaxation time gradient,
and the decoupling effect which we now discuss.
VI. SPATIALLY INHOMOGENEOUS DYNAMIC
DECOUPLING
We now consider the question of spatial decoupling
of the alpha time from its bulk value in thick films
near a vapor interface, a striking phenomenon recently
discovered using simulation by Simmons and coworkers
[41]. The latter workers performed simulations to signif-
icantly longer times than prior studies, which allowed
them to discover that the alpha time gradient decay
length and z-dependent decoupling exponent saturate at
low enough temperature which is still far above the lab-
oratory glass transition temperature defined by a 100 s
criterion. Such a decoupling phenomenon might be the-
oretically expected based on our recent work [25] that
showed eq. 25 holds to a good approximation for the local
cage barrier. However, in ECNLE theory there are also
collective elastic effects. But given that the essential ele-
ments needed to quantify it (localization well curvature,
jump distance) also follow from the local NLE dynamic
free energy, effective factorization still seems plausible.
Figure 13a presents in a double logarithmic format
the time scale ratio τα(z)/τα,bulk versus τα,bulk for a
wide range of distances from the interface over an ex-
ceptionally broad range of the bulk relaxation times (15
decades) from 0.1 nsec to 105 s. One sees the theoreti-
cal data are very well described as straight lines, thereby
indicating power law behavior characterized by a frac-
tional exponent that depends on location in the film, z.
To mathematically express this behavior requires non-
dimensionalizing τα,bulk by a temperature-independent
constant time scale, τ∗0 , the choice of which is not cru-
cial for the z-dependent power law behavior one sees in
Figure 13a. For convenience we choose it to be 1 s, and
define the power law decoupling relation in a proportion-
ality sense as:
τα(z, T )
τα,bulk(T )
∝
(
τα,bulk(T )
τ∗0
)−ε(z)
(30)
where ε(z) is the z-dependent decoupling exponent func-
tion. If eq 30 was exact, it would essentially indicate
an exact factorization of the dynamic barrier in films
into a product of a z-dependent function times the bulk
temperature-dependent barrier, and vice-versa. This be-
havior was previously predicted by the ECNLE theory
without mobility transfer physics [44], indicating the con-
ceptual foundation of such decoupling relates to the most
general aspect of ECNLE theory of films, the idea of a
position-dependent dynamic free energy [49, 50]. The
new theoretical results in Figure 13a show decoupling
is again predicted including the mobility transfer effect.
Remarkably, to an excellent approximation a single z-
dependent power law goes through all the data points
spanning 15 decades.
The results in Figure 13a can be used to extract the
decoupling exponent function. Figure 13b shows calcu-
lations based on the new theory and the prior ECNLE
theory [44] without the mobility transfer effect. Although
it does not really matter given the results in Figure 13a,
we extract the decoupling exponents using just the first
5 decades (covers the bulk relaxation time ranging from
0.1 ns to 104 ns) to compare with recent simulation data
[41]. As expected, for all locations in the film shown in
Figure 13b, the decoupling exponent with the mobility
transfer physics is larger than its analog that ignores this
effect. The difference is much larger near the surface,
and monotonically extends far deeper into the film for
the new theory. Moreover, the new theory predicts a
nearly exponential variation of the decoupling exponent
with location in the film given by ε(z) = 1.1e−0.42z/d
corresponding to a decay length of ∼ 2.4d. This func-
tional form is in qualitative contrast to the prior theory
[44] with no mobility transfer effects. The new theory
is in good accord with simulation [41] up to z ∼ 7d, as
shown by the curves based on relatively short and long
dimensionless time scale criteria used to extract simula-
tion alpha times.
At very large z, the theory predicts the cutoff at the
surface of the collective elastic field becomes important,
and the decoupling exponent follows an inverse power law
decay in z form as previously found [44] (this is why the
red and blue curves tend to converge in Figure 13b). This
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FIG. 13: (Color online) (a) Log-log (base 10) plot of
τα(z)/τα,bulk versus the bulk alpha relaxation time for a PS
thick film at several distances from the vapor surface. The
lines are power law ts through all the theoretical data points
which span 15 decades in bulk alpha time. (b) Decoupling
exponent function (red) determined by fitting the theoretical
data points which span the rst 5 decades of bulk alpha time
(corresponds to simulation time scale [41]), as a function of
dimensionless inverse distance from the surface; analogous re-
sults not including the mobility transfer effect are shown in
blue. The dash-dot curves are simulation data [41] at several
bulk relaxation times (indicated as 29 and 77653 expressed
in a LJ model time unit). The theoretical results (red data
points) are rather well fit over the z-range shown to an expo-
nential function (not shown) given by ε(z) = 1.1e−0.42z/d.
crossover occurs at rather small values of ε ∼ 0.05 − 0.1
corresponding to z/d ∼ 6− 8.
To avoid any confusion regarding our use of the word
decoupling, and to provide further rationale for adopt-
ing this jargon, we note that a power law like formula
per eq 30 is what is typically meant means by decoupling
in bulk glass forming liquids [10]. Specifically, the ana-
log of the left hand side is the ratio of a characteristic
translational time scale (deduced, e.g., from the inverse
self-diffusion constant) to a time scale associated with
a non-diffusive process such as the single molecule rota-
tional time, or the stress relaxation time, or the cage scale
structural relaxation time deduced from the incoherent
dynamic structure factor which is perhaps the most ger-
mane analogy in the context of our present discussion.
Alternatively, decoupling has an analog for the problem
of the failure of time-temperature superposition in cold
polymer liquids where the left hand side refers to the ra-
tio of a chain scale relaxation time to the local segmental
relaxation time. Of course, in these bulk realizations, de-
coupling is a phenomenon fundamentally different than
in thin films or near interfaces since it relates to the emer-
gence of space-time dynamic heterogeneity in cold liquids
via a mechanism that remain highly debated and not well
understood [10]. But, in essence, the common aspect of
decoupling in bulk liquids and broken symmetry (inter-
faces) thin films is that the temperature dependence of
different time scales become different in a manner that
is mathematically captured by a formula such as eq 30.
In the bulk, eq 30 applies to leading order with a mate-
rial specific positive exponent less than unity [10], while
near interfaces or in films the effective exponent obviously
must depend on spatial location.
Finally, we emphasize that the double exponential
form of the relaxation time gradient and the decoupling
effect are not independent, and both are fundamentally
tied to our prediction of barrier factorization with an ex-
ponential form of f(z) per eq 23. Hence, one can write (to
leading order) the following multiple inter-connections:
log
(
τα,bulk
τα(z)
)
= Ae−z/ξ = log
(
τα,bulk
τ∗0
)
= ε(z)βF bulktotal(T )
= (1− f(z))βF bulktotal(T ) (31)
Thus, the amplitude and decay length in the double ex-
ponential can be expressed as:
A(T ) = (1− f(z = 0))βF bulktotal(T ) (32)
e−z/ξ =
1− f(z)
1− f(0) =
ε(z)
ε(0)
(33)
The above relations clear show that both the decoupling
effect with an exponential in z variation of the effective
exponent and the double exponential form of the alpha
time gradient follow from our core physical idea for the
z-dependence of the caging part of the dynamic free en-
ergy which contains the idea of barrier factorization, as
discussed in section III.
VII. SUMMARY AND DISCUSSION
Based on our most recent work [25] which extended
the dynamic free energy concept of NLE theory to cap-
ture interface-nucleated mobility transfer effects in films,
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the present article has combined all of the bulk and thick
film ECNLE-based theoretical ideas to establish how a
sharp vapor interface induces spatial gradients of the col-
lective elastic and total dynamic barriers and alpha re-
laxation time for the foundational hard sphere fluid and
diverse polymer liquids. Our most fundamental predic-
tion is twofold: (i) the ratio of the total activation bar-
rier at a distance z from the vapor interface to its bulk
analog is nearly independent of density or temperature
(quasi-universal barrier factorization property), and (ii)
the spatial variation of this ratio is nearly exponential
with a penetration length that is largely temperature or
density insensitive in the glassy dynamics regime. As a
consequence, this provides a theoretical basis (the first to
the best of our knowledge) for an alpha time gradient of
a double exponential form to leading order, in qualitative
accord with simulations. Hence, the double exponential
behavior derives from our physical ideas concerning how
kinetic constraints are encoded in the caging part of the
dynamic free energy as a function of distance from the
interface [25]. By fitting the numerical theory results
for the logarithm of the reduced alpha time to an ex-
ponential function, a decay length and amplitude (which
quantifies the mobility acceleration at the interface) were
extracted. While the range of the spatial decay is roughly
constant (∼ 3d), the amplitude grows exponentially with
volume fraction and is proportional to logarithm of the
bulk alpha time to leading order.
The temperature dependence of the alpha time
strongly weakens upon approaching the vapor interface,
and massively so for the top two layers which has strong
implications for the formation mechanism of ultra-stable
glasses [57]. This behavior also results in large and rela-
tively long range spatial gradients of the local Tg. Recov-
ery of bulk behavior does not occur in a practical sense
until ∼ 10−13 particle diameters from the surface, which
for typical organic molecules or polymers translates to
∼ 10 − 20 nm. Our results for the alpha time and Tg
gradients suggest that in free standing films with two
interfaces, strong interference or coupling effects likely
emerges as films approach a thickness of order 20-40 nm.
High resolution direct measurements of the form of
the alpha relaxation time gradient near an interface is
presently not possible. This partially motivated our anal-
ysis of three quantities that can (or potentially be) mea-
sured which are sensitive to the double exponential form
of the alpha time gradient. First, we computed an av-
erage interfacial layer thickness of practical relevance to
recent experiments. It grows roughly linearly with tem-
perature as the film is cooled, and attains a rather large
value at Tg which is bigger for more fragile polymer liq-
uids. Second, perhaps counter-intuitively, to leading or-
der the ratio of the layer-averaged interfacial relaxation
time to its bulk is essentially universal-invariant to chem-
istry, volume fraction, temperature - and is of modest
magnitude. Our analytic analysis reveals that this is a
consequence of both how the dynamic gradient is aver-
aged over in ensemble-averaged experiments and (most
importantly) the double exponential form of the relax-
ation time gradient with a nearly temperature invariant
decay length. Third, we derived connections between
the function f(z) that quantifies the barrier factoriza-
tion property (the exponential nature of which underlies
the double exponential form of the alpha time gradient),
and the functional form of the experimentally measure-
able glass transition temperature gradient.
Power law dynamic decoupling of the z-dependent al-
pha time from its bulk value over a remarkably large
range of time scales is predicted. Its existence is not
fundamentally due to surface-nucleated dynamical con-
straint transfer since the more primitive ECNLE theory
without the latter effect also makes this prediction [44].
The reason is the generic nature of the barrier factor-
ization property which follows from the ECNLE theory
foundational concept of a spatially varying dynamic free
energy near an interface. However, by including the new
mobility transfer physics the degree of decoupling be-
comes much stronger, and with an effective exponent that
now decays to zero exponentially with distance from the
free surface, both in good agreement with simulation [41].
This, in turn, reflects the most fundamental new predic-
tion that the total activation barrier varies, to leading
order, in an exponential manner as a function of distance
from the vapor interface.
Finally, we note that the present work has only ad-
dressed the likely simplest case of a thick film with one
flat vapor interface of negligible width. Whether or how
our findings are relevant to other systems is unknown.
But by building on the ideas reported here and in ref.[25],
we are in the process of constructing new theories that
include mobility transfer physics for thick films where the
interface is solid (smooth or corrugated), and for finite
thickness films where the presence of two identical or dif-
ferent interfaces must result in some level of non-additive
interference effects when the films are thin enough. Our
basic ideas are also not tied to planar films, and can
be potentially extended to treat spherical or cylindrical
geometries. The above extensions will be crucial for a
host of puzzles (especially in experiment) that we have
not addressed in the present article. An incomplete list
includes: (i) the existence and/or nature of barrier fac-
torization, double exponential alpha time gradients, and
decoupling in these other more complex systems, (ii) non-
monotonic dynamical effects as a function of film thick-
ness [33], (iii) ultra-broad dynamical gradients and loss
of any bulk region in thin enough films, (iv) possible two
glass transitions in sufficiently thin free standing films of
very high molecular weight polymers [29] and asymmet-
ric supported films [30, 31], (v) the role of finite curvature
of an interface or surface such as in droplets or polymer
nanocomposites.
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VIII. APPENDIX A: COMPARISON OF
THEORY AND SIMULATION
Here we comment on details of the simulations we have
compared to in the main text. In the work of Hsu et
al (H) [51] and Zhou and Milner (ZM) [37], the local
segmental dynamics was analyzed based on a layer-like
model. The bulk 171-ns and 1-ns alpha relaxation times
for PS in the latter simulations are roughly equivalent
to a mapped hard sphere system in ECNLE theory at
Φ = 0.55 and Φ = 0.57, respectively. In general, the
various simulation results in the double logarithmic rep-
resentation of τα,bulk/τα(z) shown in Figure 4b exhibit
features that are not quantitatively identical to the the-
ory. This is not unexpected since the models simulated
are not identical to hard spheres and both our coarse
grained Kuhn sphere model and statistical mechanical
theory are approximate. The mobility gradients found in
the ZM [37] and H [51] simulations do agree well with our
results near the interface where the cage-scale dynam-
ics is significantly altered by the vapor surface. Farther
from the interface (e.g., z ≥ 8d) where the deviation of
the alpha time in the film from its bulk analog is rather
small, there are differences between theory and simula-
tion, and also between the different simulations relative
to each other. We suspect the main reasons for the for-
mer observation could be how one theoretically treats
the collective elastic physics in films, and the varying im-
portance of this aspect in different computational studies
using different models at different thermodynamic states.
A second order issue is the elementary length scale, d,
that non-dimensionalizes distance from the vapor sur-
face. For the theory this is the effective hard-sphere
(Kuhn segment) diameter [23]. To estimate its analog
in simulations we used the experimental characteristic
ratio for polystyrene (PS). The thermal mapping in EC-
NLE theory [23, 24] is based on the long chain limit
where the characteristic ratio CN=∞ = 9.5. ZM [37]
used an atomistic model of PS with a degree of polymer-
ization of N = 10. Riggleman et al (RR) [52] and Sim-
mons et al (S) [41] used a bead-spring model for glass-
forming thin films and thick films, respectively. In the
RR and S simulations, each chain consists of 20 beads
that interact via a Lenard-Jones (LJ) potential. Using
the known variation of the characteristic ratio with N
for PS, we estimate dZM = (3/9.5)
1/3
d ≈ 0.68d and
dRR = (4.8/9.5)
1/3
d ≈ 0.8d. Alternatively, for the RR
and S simulations one could use 2.6pid3RR/6 = pid
3/6 or
dRR = d/2.6
1/3 ≈ 0.73d, which yields results very close
to those stated above. For consistency, we employed
dRR ≈ dDS ≈ 0.8d. For the H simulations [51], since their
layer thickness is identical to ZM [37], we approximate
dH = dZM . This procedure is the basis of plotting the
simulation data in terms of z/d in Figure 4b. Finally, to
compare quantitatively with experimental systems that
employ real time, simulators often adopt the rough con-
version that 1 LJ time unit approximately equals 1 ps
[60, 61], and we adopt this mapping in our comparisons.
[1] Alcoutlabi, M.; McKenna, G.B. Effects of confinement on
material behavior at the nanometer size scale. J. Phys.:
Condens. Matt. [2005], 17 , R461.
[2] Ediger, M. D.; Forrest, J. A. Dynamics near Free Surfaces
and the Glass Transition in Thin Polymer Films: A View
to the Future. Macromolecules [2014], 47, 471-478.
[3] Forrest, J.A.; Dalnoki-Veress, K. The glass transition in
thin polymer films. Adv. Coll. Interf. Sci. [2001], 94, 167.
[4] Richert, R. Dynamics of Nanoconfined Supercooled Liq-
uids. Annu. Rev. Phys. Chem. [2011], 62, 6584.
[5] Napolitano, S.; Glynos, E.; Tito, N. B. Glass transition
of polymers in bulk, confined geometries, and near inter-
faces. Rep. Prog. Phys. [2017], 80, 036602.
[6] Jiang, C.; Markutsya, S.; Pikus, Y.; Tsukruk, V. V.
Freely suspended nanocomposite membranes as highly
sensitive sensors. Nat. Mater. [2004], 3, 721-728.
[7] Hartschuh, R.; Ding, Y.; Roh, J. H.; Kisliuk, A.; Sokolov,
A. P.; Soles, C. L.; Jones, R. L.; Hu, T. J.; Wu, W. L.;
Mahorowala, A. P. Brillouin Scattering Studies of Poly-
meric Nanostructures. J. Polym. Sci., Part B: Polym.
Phys. [2004], 42, 1106-1113.
[8] Seemann, R.; Herminghaus, S.; Neto, C.; Schlagowski,
S.; Podzimek, D.; Konrad, R.; Mantz, H.; Jacobs, K.
Dynamics and structure formation in thin polymer melt
films. J. Phys.: Condens. Matter [2005], 17, S267S290.
[9] Cusano, A.; Persiano, G. V.; Russo, M.; Giordano,
M. Novel optoelectronic sensing system for thin poly-
mer films glass transition investigation. IEEE Sensors J.
[2004], 5, 837-844.
[10] Berthier L.; Biroli, G. Theoretical perspective on the
glass transition and amorphous materials. Rev. Mod.
Phys. [2011], 83, 587.
[11] Forrest, J.A. What can we learn about a dynamical
length scale in glasses from measurements of surface mo-
bility? J. Chem. Phys. [2013], 139, 084702.
[12] de Gennes, P. G. Eur. Glass transitions in thin polymer
films. Phys. J. E [2000], 2, 201.
[13] Baschnagel J.; Varnik, F. J. Computer simulations of su-
percooled polymer melts in the bulk and in confined ge-
ometry. Phys: Condens. Matter. [2005], 17, R851.
[14] Peter, S.; Meyer, H.; Baschnagel, J.; Seemann, R. J. Slow
dynamics and glass transition in simulated free-standing
polymer films: a possible relation between global and lo-
cal glass transition temperatures. Phys.: Condens. Mat-
17
ter. [2007], 19, 205119.
[15] Freed, K. F. The Descent into Glass Formation in Poly-
mer Fluids. Acc. Chem. Res. [2011], 44,194.
[16] Stevenson, J. D.; Wolynes, P. G. On the surface of
glasses. J. Chem. Phys. [2008], 129, 234514.
[17] Salez, T.; Salez, J.; Dalnoki-Verress, K.; Raphael, E.;
Forrest, J.A. Cooperative strings and glassy interfaces.
Proc. Nat. Acad. Sci. [2015], 112, 8227.
[18] Lipson, J. E. G.; Milner, S. T. Local and Average Glass
Transitions in Polymer Thin Films. Macromolecules
[2010], 43, 9874.
[19] Mirigian, S.; Schweizer, K. S. Elastically cooperative acti-
vated barrier hopping theory of relaxation in viscous flu-
ids. I. General formulation and application to hard sphere
fluids. J. Chem. Phys. [2014], 140, 194506.
[20] Mirigian, S.; Schweizer, K. S. Elastically cooperative ac-
tivated barrier hopping theory of relaxation in viscous
fluids. II. Thermal liquids. J. Chem. Phys. [2014], 140,
194507.
[21] Mirigian, S.; Schweizer, K. S. Unified Theory of Acti-
vated Relaxation in Liquids over 14 Decades in Time. J.
Phys. Chem. Lett. [2013], 4, 3648-3653.
[22] Zhang, R.; Schweizer, K. S. Microscopic Theory of Cou-
pled Slow Activated Dynamics in Glass-Forming Binary
Mixtures. J. Phys. Chem. B [2018], 122, 3465-3479.
[23] Mirigian, S.; Schweizer, K. S. Dynamical Theory of Seg-
mental Relaxation and Emergent Elasticity in Super-
cooled Polymer Melts. Macromolecules [2015], 48, 1901-
1913.
[24] Xie, S.-J.; Schweizer, K. S. Nonuniversal Coupling of
Cage Scale Hopping and Collective Elastic Distortion as
the Origin of Dynamic Fragility Diversity in GlassForm-
ing Polymer Liquids. Macromolecules [2016], 49, 9655-
9664.
[25] Phan, A. D.; Schweizer, K. S. Theory of the Spa-
tial Transfer of Interface-Nucleated Changes of Dynam-
ical Constraints and Its Consequences in Glass-Forming
Films. J. Chem. Phys. [2019], 150, 044508.
[26] Paeng, K.; Swallen, S. F.; Ediger, M. D. Direct Measure-
ment of Molecular Motion in Freestanding Polystyrene
Thin Films. J. Am. Chem. Soc. [2011], 133, 8444.
[27] Qi, D.; Ilton, M.; Forrest, J. Measuring surface and bulk
relaxation in glassy polymers. Eur. Phys. J. E [2011], 34,
56.
[28] Mattsson, J.; Forrest, J. A.; Brjesson, L. Quantifying
glass transition behavior in ultrathin free-standing poly-
mer films. Phys. Rev. E [2000], 62, 5187.
[29] Pye, J.E.; Roth, C.B. Two Simultaneous Mechanisms
Causing Glass Transition Temperature Reductions in
High Molecular Weight Freestanding Polymer Films as
Measured by Transmission Ellipsometry. Phys. Rev. Lett.
[2011], 107, 235701.
[30] Fakhraai, Z.; Forrest, J.A. Probing Slow Dynamics in
Supported Thin Polymer Films. Phys. Rev Lett. [2005],
95, 025701.
[31] Glor, E. C.; Fakhraai, Z. Facilitation of interfacial dy-
namics in entangled polymer films. J. Chem. Phys.,
[2014], 141, 194505.
[32] Ellison, C. J.; Mindra, M. K.; Torkelson, J. M. Im-
pacts of Polystyrene Molecular Weight and Modification
to the Repeat Unit Structure on the Glass Transition-
Nanoconfinement Effect and the Cooperativity Length
Scale. Macromolecules [2005], 38, 1767.
[33] Ellison, C.J.; Torkelson, J.M. The distribution of glass-
transition temperatures in nanoscopically confined glass
formers. Nat. Mat. [2003], 2, 695.
[34] Yang, Z.; Fujii, Y.; Lee, F. K.; Lam, C.-H.; Tsui, O. K. C.
Glass Transition Dynamics and Surface Layer Mobility
in Unentangled Polystyrene Films. Science [2010], 328,
1676.
[35] Lang, R. J.; Simmons, D. S. Interfacial Dynamic Length
Scales in the Glass Transition of a Model Freestanding
Polymer Film and Their Connection to Cooperative Mo-
tion. Macromolecules [2013], 46, 9818-9825.
[36] Shavit, A.; Riggleman, R. A. Influence of Backbone
Rigidity on Nanoscale Confinement Effects in Model
Glass-Forming Polymers. Macromolecules [2014], 46,
5044.
[37] Zhou, Y.; Milner, S. T. Short-Time Dynamics Reveals
Tg Suppression in Simulated Polystyrene Thin Films.
Macromolecules [2017], 50, 55995610.
[38] Lyulin, A. V.; Balabaev, N. K.; Baljon, A. R. C.; Men-
doza, G.; Frank, C. W.; Yoon, D. Y. Interfacial and
topological effects on the glass transition in free-standing
polystyrene films. J. Chem. Phys. [2017], 146, 203314.
[39] Hocky, G.M.; Berthier, L.; Kob, W.; Reichman, D.R.
Crossovers in the dynamics of supercooled liquids probed
by an amorphous wall. Phys. Rev. E [2014], 89, 052311.
[40] Kob, W.;Roldn-Vargas, S.; Berthier, L. Non-monotonic
temperature evolution of dynamic correlations in glass-
forming liquids. Nat. Phys. [2012], 8, 164-167.
[41] Diaz-Vela, D.; Hung, J.-H.; Simmons, D. Temperature-
Independent Rescaling of the Local Activation Bar-
rier Drives Free Surface Nanoconfinement Effects on
Segmental-Scale Translational Dynamics near Tg. ACS
Macro Letters [2018], 7, 1295-1301.
[42] Schneider, P.; Kob, W.; Binder, K. The Relaxation
Dynamics of a Supercooled Liquid Confined by Rough
Walls. J. Phys. Chem. B [2004], 108, 6673-6686.
[43] Phan, A. D.; Schweizer, K. S. Elastically Collective Non-
linear Langevin Equation Theory of Glass-Forming Liq-
uids: Transient Localization, Thermodynamic Mapping,
and Cooperativity. J. Phys. Chem. B [2018], 122, 8451-
8461.
[44] Phan, A. D.; Schweizer, K. S. Dynamic Gradients, Mo-
bile Layers, Tg Shifts, Role of Vitrification Criterion,
and Inhomogeneous Decoupling in Free-Standing Poly-
mer Films. Macromolecules [2018], 51, 6063-6075.
[45] Schweizer, K. S. Derivation of a microscopic theory of
barriers and activated hopping transport in glassy liquids
and suspensions. J. Chem. Phys. [2005], 123, 244501.
[46] Dyre, J. C. Source of non-Arrhenius average relaxation
time in glass-forming liquids. J. Non-Cryst. Solids [1998],
235-237, 142-149.
[47] Dyre, J. C. Colloquium: The glass transition and elastic
models of glass-forming liquids. Rev. Mod. Phys. [2006],
78, 953.
[48] Hansen, J.-P.; McDonald, I. R. Theory of Simple Liquids
(Academic Press, London, 2006).
[49] Mirigian, S.; Schweizer, K. S. Theory of activated glassy
relaxation, mobility gradients, surface diffusion, and vit-
rification in free standing thin films. J. Chem. Phys.
[2015], 143, 244705.
[50] Mirigian, S.; Schweizer, K. S. Influence of chemistry, in-
terfacial width, and non-isothermal conditions on spa-
tially heterogeneous activated relaxation and elasticity in
glass-forming free standing films. J. Chem. Phys. [2017],
146, 203301.
18
[51] Hsu, D. D.; Xia, W.; Song, J.; Keten, S. Glass-
Transition and Side-Chain Dynamics in Thin Films: Ex-
plaining Dissimilar Free Surface Effects for Polystyrene
vs Poly(methyl methacrylate). ACS Macro Lett. [2016],
5, 481-486.
[52] Shavit, A.; Riggleman, R. A. Physical Aging, the Local
Dynamics of Glass-Forming Polymers under Nanoscale
Confinement. J. Phys. Chem. B [2014], 118, 9096-9103.
[53] Schweizer, K. S.; Saltzman, E. J. Transport coefficients in
glassy colloidal fluids. J. Chem. Phys. [2003], 119, 1181.
[54] Cheng, S.; Mirigian, S.; Carrillo, J.-M. Y.; Bocharova,
V.; Sumpter, B. G.; Schweizer, K. S.; Sokolov, A. P.
Revealing spatially heterogeneous relaxation in a model
nanocomposite. J. Chem. Phys. [2015], 143, 194704.
[55] Cheng, S.; Carrol, B.; Lu, W.; Fan, F.; Carrillo, J.-M.
Y.; Martin, H.; Holt, A. P.; Kang, N.-G.; Bocharova, V.;
Mays, J. W.; Sumpter, B. G.; Dadmun, M.; Sokolov,
A. P. Interfacial Properties of Polymer Nanocompos-
ites: Role of Chain Rigidity and Dynamic Heterogeneity
Length Scale. Macromolecules [2017], 50, 2397-2406.
[56] Mangalara, J. H.; Mackura, M. E.; Marvin, M. D.,
Simmons, D. S. The relationship between dynamic and
pseudo-thermodynamic measures of the glass transition
temperature in nanostructured materials, J. Chem. Phys.
[2017], 146, 203316.
[57] Ediger, M.D. ; de Pablo, J.J.; Yu, L. Anisotropic
Vapor-Deposited Glasses: Hybrid Organic Solids. Ac-
counts Chemical Research [2019], 52, 407, and refs. Cited
therein.
[58] Elmatad, Y. S.; Chandler, D.; Garrahan, J. P. Corre-
sponding States of Structural Glass Formers. J. Phys.
Chem. B [2009], 113, 5563-5567.
[59] Elmatad, Y. S.; Chandler, D.; Garrahan, J. P. Corre-
sponding States of Structural Glass Formers II. J. Phys.
Chem. B [2010], 114, 17113.
[60] Cheng, Y.; Yang, J.; Hung, J.-H.; Patra, T. K.; Simmons,
D. S. Design Rules for Highly Conductive Polymeric Ionic
Liquids from Molecular Dynamics Simulations. Macro-
molecules [2018], 51, 6630-6644 (2018).
[61] Rapaport, D. C. The Art of Molecular Dynamics Simu-
lation (Cambridge University Press: Cambridge, 2004).
